Abstract A single crystal chemical vapor deposition (scCVD) diamond detector has been successfully employed for neutron measurements in the EAST (Experimental Advanced Superconducting Tokamak) plasmas. The scCVD diamond detector coated with a 5 µm 6 LiF (95% 6 Li enriched) layer was placed inside a polyethylene moderator to enhance the detection efficiency. The time-dependent neutron emission from deuteron plasmas during neutral beam injection (NBI) heating was obtained. The measured results are compared with that of fission chamber detectors, which always act as standard neutron flux monitors. The scCVD diamond detector exhibits good reliability, stability and the capability to withstand harsh radiation environments despite its low detection efficiency due to the small active volume.
Introduction
Neutron diagnostics are important tools to obtain information on fundamental plasma parameters, such as ion temperature, fast ion energy and spatial distributions, and help to monitor the behaviors of plasma discharges with ion cyclotron resonance frequency (ICRF) heating and neutral beam injection (NBI) systems [1−8] . Some MHD (magnetohydrodynamics) activities can also be experimentally observed including particle-driven fishbone instability and sawtooth oscillations [9, 10] ; it will become more and more indispensable for the future fusion devices.
Silicon and scintillation detectors cannot withstand harsh working conditions in high level neutron and gamma radiation fields. However, diamond detectors made by a chemical vapor deposition technology have been presently used in tokamak devices and they are becoming more and more promising due to some of their outstanding properties such as radiation hardness, wide band gap, fast response as well as high energy resolution [11−16] . Meanwhile, diamond detectors are insensitive to gamma rays due to the low atomic number of diamond material. By the 12 C(n,α) 9 Be reaction (E th =6.2 MeV), 14 MeV neutrons produced from deuterium-tritium plasmas like in JET have been measured using both natural diamond detectors and artificial single crystal diamond detectors [17−21] . A scCVD with LiF conversion material has also been employed on HL-2A [22] for measuring 2.45 MeV neutrons from deuterium-deuterium (DD) plasmas.
Experiments were conducted to employ a scCVD diamond detector for the fast neutron flux monitor on EAST. Considering the small active bulk and relative low DD neutron yield in EAST, the diamond detector was coated with a 5 µm LiF layer working as a neutron-to-charged particle converter. Calibration of the scCVD diamond detector was performed with a mixed alpha source, as presented in section 2. Section 3 will present the design of the polyethylene moderator which was optimized by Monte Carlo simulations to improve the detection efficiency for DD neutrons. The neutron measurement of the scCVD diamond detector on EAST will be described in section 5. Conclusions of the present work are drawn in the final section.
Detectors
Two scCVD diamond detectors of the same size of 4.7 mm×4.7 mm×0. Diamond Detector Limited (DDL) Company, UK. As seen in Fig. 1 , one was deposited with a lithium fluoride (LiF) layer of 95% enriched 6 Li and the other one without the LiF layer. LiF works as converter material capable of absorbing a thermal neutron and producing a secondary charged particle via the 6 Li(n,t)α reaction. In fact, the α particle of 2.2 MeV loses most of the energy in the LiF layer of 5 µm because its range is 5.9 µm. However, the range of a triton in LiF is 32.6 µm so that the tritons lose almost the whole energy through Coulomb scattering in the bulk diamond [8] , and then create a number of electronhole pairs. A charge sensitive preamplifier (ORTEC 142A) collects the induced charges by the electron-hole pairs and transfer the signal in a shaping amplifier (ORTEC572A) to a digitizer, as illustrated in Fig. 2 . To determine the response of the detector to charged particles, a mixed 241 Am/ 239 Pu α source, emitting 5.486 MeV and 5.15 MeV alpha particles, was placed 2 cm from the scCVD diamond detector. The bias voltage for the two detectors was set at +300 V and the respective responses are presented in Fig. 3 . Fig. 3(a) illustrates the pulse height spectrum from the detector with LiF-coating one, whose energy resolution is obviously different from the one shown in Fig. 3(b) , measured by the detector without LiF-coating. When the α particles penetrate the LiF layer, energy loss of about 1 MeV and energy straggling will enlarge the width of the peaks.
Moderator
The scCVD diamond detector was put inside a moderator made of polyethylene in order to slow down the 2.45 MeV neutron from the plasma as shown in Fig. 4 . For thermal neutrons, the cross section of the 6 Li(n,α)T reaction is about 950 barns and it gets smaller when the neutron gets faster except the small region around 0.245 MeV where the cross section is 3 barns and then reaches 0.2 barns at 2.45 MeV. In fact, incident neutrons are also partly absorbed when they penetrate the moderator. The various thickness of moderator was tested based on the Monte Carlo simulations of Geant4 code. Considering the DD neutron energy of 2.45 MeV, as seen in Fig. 5 , the detection efficiency will reach the highest when 5 cm polyethylene is chosen. 
Measurement on EAST
The scCVD diamond detector was tested as a neutron flux monitor on EAST and promising results about deuterium plasma discharges with NBI heating were obtained. The diamond detector was installed on EAST in the last period of the experimental campaign in the summer of 2015. The EAST tokamak has two NBI heating systems with typical heating power of 8 MW and each NBI system has two ion sources. The typical discharge parameters are as follows: toroidal magnetic field B T = 2 T, plasma current I p = 500 kA, and line-average electron density n e = 8×10
19 m −3 [23] . The scCVD diamond detector and the moderator were located at a distance of 5 m away from the plasma center axis and about 1.5 m below the equatorial plane, and the line of sight is tangential to the main axis of the torus at an angle of about 45 o , as shown in Fig. 6 . Acquired data of EAST shot #55206 were analyzed in which two NBI systems (3.5 MW/2.1 MW) and ICRF (1.5 MW) in function. The measured pulse height spectrum, shown in Fig. 7 , proved the scCVD diamond detector a good spectrometer while the highly revealed peak in 2.73 MeV is identified as tritons produced by fusion neutrons via the 6 Li(n,α)T reaction. The timedependent neutron flux signal from the scCVD diamond detector is illustrated in Fig. 8 together with some other plasma parameters such as plasma current, line average electron density, NBI systems' powers, etc. for the EAST discharge #59190. Note that the neutron time trace of the scCVD diamond detector is consistent with the one from a fission chamber detector and the NBI systems' powers. The results of the scCVD diamond detector have been compared with the standard neutron emission monitors presently used in EAST, which are two 235 U fission chambers (FCs), since the scCVD diamond detector was not absolutely calibrated. The FCs and the diamond detector were employed in different positions. Fig. 9(a) exhibits the linear relation of the total counts between two FCs. As shown in Fig. 9(b) , the correlation of total counts between the scCVD diamond detector and the FC 1 agrees with a calculated linear fit only for the shots of low count rate. When the neutron yield gets higher, the count data of the FC deviate from the fitted line due to its lower detection efficiency. Typical EAST shots were analyzed, as exemplified in Fig. 10 , which illuminates how the scCVD monitors the time-dependent neutron emission for the shot #57178 with the pulse length of 5 s. In this case, the scCVD diamond detector reproduced the detailed time trace of neutron emission compared with the FC's results. These kinds of comparisons were made for data of all the shots measured by the scCVD diamond detector and show that the scCVD diamond detector can work stably. For the typical EAST pulse, the average relative efficiency of the scCVD diamond detector in comparison to the FC is 0.4×10 −2 . Note that the count rate of the scCVD is larger than that of the FC when the total neutron yield becomes much higher for the long NBI period of 3-6 s. The fission chamber detector is subjected to a dead-time effect during the harsh period but the scCVD is not due to its low detection efficiency. Benefiting from the low detection efficiency, the scCVD diamond detector exhibits stable and steady qualities as a neutron flux monitor for EAST discharges of high power. Fig.10 The scCVD diamond detector reproduced the details of neutron emission for a typical EAST shot #57178. When the total neutron yield is higher (3-6 s), the scCVD diamond detector shows a relatively larger count rate than the one of the fission chamber due to the FC's dead-time effect
Conclusions
The scCVD diamond detector covered with 6 Li enriched LiF was fabricated at EAST device. The time-dependent neutron emission produced by the deuteron plasmas during neutral beam injection (NBI) auxiliary heating was obtained and compared with that of FCs. The results demonstrate the capability of this class of detectors to withstand harsh radiation environments. In order to measure 14.1 MeV neutrons, further upgrade of the detector for higher energy resolution and larger sensitive bulk is necessary.
